leaf, floral or fruit traits of the rootstocks will not be visible (Serrano et al., 2002; Liu et al., 2007) . The genetic background of some rootstocks in our breeding program makes more laborious the classical classification requiring more accurate tools to allow an unquestionable characterization of them. Furthermore, rootstock identification is important for peach breeders and growers. It provides evidence to protect plant variety patents for breeders, and growers can be more confident in their purchases since there is a method to identify and confirm rootstocks in their orchards (Serrano et al., 2002; Liu et al., 2007) . The use of molecular markers based on DNA results in a consistent and robust method to identify plant material based on their stability in different environmental conditions or different tissues. Molecular analyses have been previously performed in Prunus genus using different markers as isozymes (Mowrey and Werner, 1990) , RFLPs (Kaneko et al., 1986; Uematsu et al., 1991) , RAPDs (Gogorcena and Parfitt, 1994; Lu et al., 1996; Casas et al., 1999) , AFLPs (Aradhya et al., 2004; Fang et al., 2006) , PCR-RFLPs (Badenes and Parfitt, 1995; Bouhadida et al., 2007b) and SNPs (Fang et al., 2006) . These methods were widely used to characterize and classify commercial cultivars or to estimate relationship between members of the Prunus genus. However, there are some discrepancies in the characterization of rootstocks because their complex genetic background. For that, the use of microsatellites markers come out as a useful tool for genotyping, germplasm characterization and fingerprinting, because of their high level of polymorphism, co-dominant inheritance, abundance in the genome, transferability and high reproducibility. Several authors have revealed the potential of SSRs to differentiate between cultivars (Sosinski et al., 2000; Aranzana et al., 2002 Aranzana et al., , 2003a Romero et al., 2003) and their transferability between Prunus species (Downey and Iezzoni, 2000; Wang et al., 2000; Dirlewanger et al., 2002; Romero et al., 2003) . Moreover, SSR markers were used successfully to fingerprint peach rootstocks (Serrano et al., 2002; Liu et al., 2007) .
Hence, the main objectives of this work are (1) to perform a molecular characterization of commercial and selected Prunus rootstocks from the breeding program at Aula Dei Experimental Station using SSR markers and (2) to analyze the genetic diversity among the different interspecific hybrids and species of Prunus at the germplasm collection of Aula Dei for their conservation, management and utilization in future rootstock breeding programs.
Materials and methods

Plant material
The forty-four genotypes used in this study were obtained from the germplasm collection maintained at Aula Dei Experimental Station (Zaragoza, Spain). For practical purposes, the rootstocks and accessions were divided into three groups, as shown in Table 1 . This classification was based on previous knowledge of taxonomic and morphologic similarity among plant material. The groups were defined as: (1) Peach-based rootstocks, including twelve almond x peach hybrids (P. dulcis D.A. Webb Â P. persica (L.) Batsch.); three P. persica (L.) Batsch. Â P. davidiana (Carr.) Franch hybrids, and one [P. persica (L.) Batsch. Â P. davidiana (Carr.) Franch] Â P. persica (L.) Batsch; (2) Myrobalan-Marianna plums which included six P. cerasifera Ehrh. rootstocks, and five interspecific hybrids having P. cerasifera as a parent; and (3) Slow growing plums (after the denomination proposed by Bernhard and Renaud (1990) , which included ten P. insititia L., five P. domestica L. rootstocks and one interspecific P. domestica L. Â P. spinosa L. hybrid. In this group, we have included the Spanish ''Pollizo'' plums, apparently P. insititia, and traditionally utilized in the region of Murcia (Spain) as rootstock for peaches, almonds and apricots (Kester and Graselly, 1987) . With the criteria stated above, it was not possible to assign 'Fereley-Jaspi' (P. japonica Thunb. Â P. spinosa L.) to any of the mentioned groups. It was included in the second group because it shared some morphological characteristics similar with this group.
Genomic DNA extraction and amplification
Genomic DNA was extracted from leaf samples according to the protocol described in Casas et al. (1999) . Twenty SSR markers were studied, using primer pairs previously developed in peach ( Table 2 ). The selection of these markers was based on the information available from studies performed by several authors (Testolin et al., 2000; Aranzana et al., 2002; Dirlewanger et al., 2002) as their high power of discrimination. Nine of the SSR were part of the proposed 24 SSR marker 'genotyping set' for Prunus (Aranzana et al., 2003b) . The 20 markers are randomly located in the Prunus genome with at least one by linkage group. PCR amplification was performed according to the protocol cited by Bouhadida et al. (2007a) on a Gene Amp 2700 thermocycler (Applied Biosystems) using the following temperature cycles: 1 cycle of 3 min at 95 8C, 35 cycles of 1 min at 94 8C, 45 s at the corresponding annealing temperature (Table 2 ) and 1 min at 72 8C. The DNA amplification products were loaded on denaturing 5% polyacrilamide gels. Gels were run for 2 h at 65 W and silverstained according to the protocol described by Bassam et al. (1983) . Fragment sizes were estimated with the 30-330 bp AFLP ladder DNA sizing markers (Invitrogen, Carlsbad, Calif.), and analysed by the Quantity One software (Bio Rad, Hercules, CA).
Data analysis
The following parameters were calculated: number of alleles per locus, observed heterozygosity (H o calculated as the number of heterozygous genotypes divided by the total number of genotypes) and expected heterozygosity ðH e ¼ 1 À P p 2 i Þ, where p i is the frequency of i th allele (Nei, 1973) . The power of discrimination was
, where g i is the frequency of i th genotype (Kloosterman et al., 1993) . The H o , H e and the PD were calculated only for the Peach-based rootstocks group, which represented diploid genotypes. The ploidy level of the second group as far as we know is diploid for all (although different ploidy levels are cited for P. cerasifera and Marianna (Okie, 1987) ). 'Marianna GF8-1' is triploid according to Salesses (cited in Okie, 1987) and there are not exact descriptions for 'Marianna 2624'. The third group was composed by hexaploid Prunus species, but 'Damas GF 1869' that is pentaploid. The presence (1) or absence (0) of amplified fragments was recorded for each cultivar. A similarity matrix was generated using the Dice coefficient (Nei and Li, 1979) . A principal coordinate analysis (Gower, 1966) on the similarity matrix was performed. Also, similarity data were processed through the unweighted pair group method (UPGMA) cluster analysis using the NTSYS program (Rohlf, 2000) and finally depicted in one dendrogram for the Peachbased rootstocks group.
Results and discussion
Twenty SSR markers have been tested on 44 genotypes of Prunus, belonging to three taxonomic groups and two subgenera Table 2 List of the 20 SSR primers used in this study, size range in base pairs (bp), annealing temperature, and level of amplification for all the groups studied. (Amygdalus and Prunophora). The SSR primer pairs used were previously developed for peach (Table 2) . Of the 20 primer pairs investigated, 18 generated good amplifications in the first group of rootstocks (Peach-based rootstocks, section Euamygdalus, subgenus Amygdalus), while only 13 detected amplification products for the second and the third group belonging to the subgenus Prunophora (Table 2) . Although the markers BPPCT008 and CPPCT029 had been reported by Dirlewanger et al. (2002) and Aranzana et al. (2002) , respectively, as good markers to amplify different species of Prunus, they gave faint bands difficult to resolve or did not amplify in our genotypes. Thus, these SSRs were not included in the analysis. Our results illustrate the high transferability of the SSR used among Prunus species albeit they were developed for peach and the origin of the analyzed rootstocks is in many cases derived from interspecific crosses. This transportability across Prunus species was already confirmed by different authors (Dirlewanger et al., 2002; Wü nsch and Hormaza, 2002; Decroocq et al., 2003 Decroocq et al., , 2004 Zhebentyayeva et al., 2003) . The level of polymorphism and the degree of amplification varied for each species. Two types of comparisons were carried out to assess the genetic diversity for the three groups of rootstocks studied: (1) comparison among groups, and (2) comparison within groups.
Genetic diversity among groups
Thirteen SSR primer pairs gave polymorphic bands for all the 44 clones studied, and were used for the analysis of diversity among rootstock groups, while the remaining SSR primers were discarded. The 13 selected primer pairs generated distinctive products in the range of 92-306 bp in the three different taxonomic groups (Table 2) . It is relevant to notice that three markers across groups (BPPCT001, CPPCT022 and UDP98-407) (Table 3 ) allowed the unambiguous differentiation of all the clones studied. Previously, seven RAPD markers were selected by Casas et al. (1999) to separate among the same three rootstock groups. The results obtained were not enough accurate to differentiate all the genotypes, since they did not allow the separation between 'Alguazas' and 'Adesoto 101' clones. Two of the three selected SSR markers (BPPCT001 and UDP98-407) allow the differentiation of these two clones (Table 3) . Thus, the present study reveals the power of SSR markers with respect to RAPDs, and we can consequently propose the use of the three selected SSRs (BPPCT001, CPPCT022 and UDP98-407) in future programs for identification of different Prunus rootstocks.
The principal coordinate analysis (PCA) performed from the similarity matrix showed two significant axes, which explain 15% and 11% of the total variance respectively (Fig. 1) . The PCA clearly establishes the distribution of rootstocks in three groups, which coincide with the Peach-based, Myrobalan-Marianna and Slow growing group rootstocks defined in this experiment. The most different clones in this study were 'Ishtara', 'Miral 3278 AD' and 'Fereley-Jaspi'. The PCA analysis confirmed the possible presence of P. persica in the 'Ishtara' pedigree. Its position in the PCA (Fig. 1) , between the two groups of Peach-based rootstocks and Myrobalan-Marianna plums, but nearest to the second group, agrees with the double dose of P. cerasifera and the single dose of P. persica in the pedigree of 'Ishtara' (Table 1) . 'Miral 3278 AD' was localized close to 'Ishtara' but nearest of the Myrobalan-Marianna plums group. This clone morphology resembles Myrobalans, but it has some almond-like characteristics. Thus, a P. cerasifera x P. dulcis origin was postulated for this clone (Casas et al., 1999) . In the present study, this clone showed common alleles with the Peachbased rootstocks that are also present in the Myrobalan-Marianna plums (data not shown). Our results support the hypothesis that the pedigree of 'Miral 3278 AD' includes other species besides P. cerasifera, but does not provide further clarification on their identity. The PCA (Fig. 1 ) also showed the position of 'Fereley-Jaspi' between the two groups of plums. According to its pedigree, 'Fereley-Jaspi' is a hybrid between plum species belonging to the Prunophora subgenus, which could explain its relationship with other plum species of this study.
Additionally, it was possible to detect specific alleles for each group (data not shown). The detection of specific alleles was also reported by other authors in previous works (Serrano et al., 2002) and can be used for characterization and identification of Prunus rootstocks or Prunus species. The higher number of common alleles was observed between Myrobalan-Marianna and Slow growing plums, which can be explained by the close relationship among clones of these two groups. It is widely believed that the hexaploid European plums, P. domestica and P. insititia, have arisen from a cross between a diploid (2n = 2x = 16) cherry plum or myrobalan, P. cerasifera, and a tetraploid (2n = 4x = 32) sloe or blackthorn, P. spinosa (Crane and Lawrence, 1952) . Nevertheless, another hypothesis based on RFLP variation in cpDNA genes suggested that European plum may have originated from polyploid forms of myrobalan plum (Reynders and Salesses, 1991) . Both hypotheses agree with our findings and the high levels of genetic similarities among diploid, triploid, and hexaploid plums.
Genetic diversity within groups
Genetic diversity was detected among clones of each group of rootstocks. As mentioned before, 13 SSR markers gave polymorphic bands in all rootstocks studied. In addition, other five SSRs were polymorphic for only the Peach-based rootstocks group. We will describe first the diversity found within the two plum groups, amplified with 13 SSR markers, followed by the analysis of genetic diversity within Peach-based rootstocks, analysed with the 18 polymorphic SSRs.
Myrobalan-Marianna plum variation
The group of Myrobalan-Marianna plums included 12 clones of different species (Table 1) . Most of them are diploid (P. cerasifera) or triploid plums (P. cerasifera x P. munsoniana e.g. 'Marianna GF 8-1'). Thirteen SSR primers were used for the screening of this group and produced a total of 82 alleles, ranging from 2 (CPPCT017 and UDP98-408) to 10 (CPPCT005 and CPPCT006), with a mean value of 6.31 per locus (Table 4 ). All the clones of this group could be distinguished with only three of the SSR tested. The selection of the two most polymorphic loci which revealed the highest number of alleles for this group, CPPCT005 (10) and CPPCT006 (10), allowed us to distinguish unambiguously all the 12 clones of rootstocks with the exception of 'Myrobalan 29C' and 'Marianna GF 8-1' which gave the same genetic profile. To identify these two cultivars, an additional CPPCT028 marker was selected which revealed distinct alleles between them. Hence, we can propose the Fig. 1 . Plot of the two first components (PC1 and PC2) of principal coordinate analysis on the similarity matrix for 44 Prunus rootstocks after amplification with 13 SSR primer pairs. Names of some relevant clones are shown in the figure.
Table 4
Number of loci and alleles observed for each rootstock group with the 13 SSR polymorphic among all the clones studied. These SSRs were used for the analysis of the diversity among groups.
Locus code
Peach BPPCT001  1  8  1  6  3  19  BPPCT007  1  8  1  7  3  12  CPPCT002  1  5  1  4  3  8  CPPCT005  1  2  1  10  2  16  CPPCT006  1  10  1  10  2  11  CPPCT017  1  5  1  2  1  1  CPPCT022  1  7  1  7  3  15  CPPCT028  1  3  1  7  2  10  CPPCT030  1  4  1  4  2  6  CPPCT033  1  9  1  8  2  8  UDP98-025  1  12  1  6  2  10  UDP98-407  1  7  1  9  2  15  UDP98-408  1  4  1  2  1  2   Total  13  84  13  82  28  133  Mean 6.46 6.31 4.75 use of three selected SSRs (CPPCT005, CPPCT006 and CPPCT028) to distinguish between the rootstocks studied in this group. The position in the PCA (Fig. 1 ) of the 'Myrobolan 29C' is close to the Marianna clones confirmed by their similar morphology. Day (1953) already reported that Marianna resembles 'Myrobalan 29C' group and the same author mentioned some doubt as to its relationship with the American wild plums (P. munsoniana). Grasselly (cited in Crossa-Raynaud and Audergon, 1987) , reported that 'Myrobalan 29C' was a Marianna seedling. Moreover, 'Myrobalan 29C', 'Marianna GF 8-1' and 'Marianna 2624' shared 4 alleles through 4 loci which were absent in the rest of the Myrobalan-Marianna plums studied, which support the high similarity found among these clones. Casas et al. (1999) and Serrano et al. (2002) , also reported a very close relationship among 'Myrobalan 29C' and Marianna clones using RAPD and SSR markers respectively. This agrees with our findings and we could support the hypothesis that 'Myrobalan 29C' could be considered as a Marianna rootstock, although more genetic work with more SSR have to be done to try to determine its true relationships and ploidy levels.
Slow growing plums variation
This group included 15 hexaploid Prunus (P. insititia and P. domestica), and a pentaploid clone 'Damas GF 1869' (P. domestica Â P. spinosa) (Table 1) , and each primer used was able to detect from one to three loci (Table 4) . Thirteen SSR primer pairs, from the 20 initially used, amplified a total of 133 polymorphic alleles through 28 loci detected in this group (Table 4 ) with a mean value of 4.75 alleles per locus. The primer BPPCT001 amplified a total of 19 alleles through the three loci detected in this case and allowed the unambiguous separation of all the 16 clones.
All the slow-growing plums were in the same axe in the PCA analysis (Fig. 1) . 'Adesoto 101', 'Puebla de Soto 67', and 'Alguazas' are very closely related in the analysis, which is explained by the fact that they are ''Pollizo'' collected in the same geographic area (South of Spain).
Peach-based rootstocks
In our set of Peach-based rootstocks, peach-derived SSR markers detected considerable polymorphism. Eighteen of the 20 SSR markers used in this study produced a total of 124 polymorphic bands over the 16 screened clones of the Peachbased rootstocks group (Table 5) . As mentioned before, five microsatellites (BPPCT015, BPPCT017, BPPCT038, CPPCT004 and UDP98-022) were specific of this group of rootstocks (Table 2 ). The PD of these SSRs was very high varying between 0.73 and 0.89 (Table 5) .
The number of alleles observed at each locus ranged from 2 (CPPCT005) to 12 (UDP98-025), with an average of 6.90 alleles per locus (Table 5 ). This value obtained for only 16 clones is relatively high compared with the values reported for other Prunus species considering the number of accessions studied (Serrano et al., 2002; Aranzana et al., 2003a) . In our study, observed and expected heterozygosities averaged over the 18 SSR loci were 0.46 and 0.66, respectively (Table 5 ). These parameters are higher than the mean values reported for SSRs in peach (Aranzana et al., 2003a; Bouhadida et al., 2007a) . High allele number and high heterozygosity obtained in the present study reflect the ability of SSR markers to provide unique genetic profile for individual plant genotypes.
A total of 136 genotypes were observed for all loci, with an average of 7.56 genotypes per locus. The selection of the two most polymorphic loci, BPPCT017 and UDP98-025, allowed to distinguish unambiguously all the 16 clones of Peach-based rootstocks group, with the exception of 'Albatarrech' and 'Alcañ iz' which gave the same genetic profile. To differentiate these two cultivars, an additional marker (BPPCT007) was selected, which revealed distinct alleles between them. A set of three SSR markers (BPPCT007, BPPCT017 and UDP98-025) can be proposed to distinguish between the Peach-based rootstocks studied.
The PD of the SSRs tested was in all the cases superior to 0.50 except for CPPCT005 with the lower number of polymorphic loci and PD= 0.12. The average power of discrimination (PD = 0.75) observed for Peach-based rootstocks is high and is comparable with the 0.64 mean value reported for peach by Aranzana et al. (2003a) . Our findings indicate that peach SSR markers are very efficient to identify genetic variability among these Peach basedrootstocks.
To elucidate genetic relationships among Peach-based rootstock clones, a dendrogram was produced using UPGMA cluster analysis and the Dice coefficient over 18 SSR loci (Fig. 2) . The genotypes studied can be divided into two main groups. The first group contained the four genotypes presenting the pedigree P. persica Â P. davidiana, whereas the second group included the peach hybrids of the type P. persica Â P. dulcis. All non-released rootstocks of EEAD collection (but 'Herce 5') were clustered together in a subgroup (Fig. 2) . This separation of all the Peachbased rootstocks was in good agreement with their botanical classification. This suggests that a larger number of markers probably lead to a more accurate genetic relationship among clones which respond truly to the morphological characteristics and the botanical descriptions. The cophenetic correlation coefficient was 0.80 suggesting a good fit of the dendrogram of the Fig. 2 with the similarity matrix.
'Albatarrech' and 'Alcañ iz' showed a very close relationship, as Casas et al. (1999) reported using RAPD markers, due to their origin from the same region and the morphological characteristics. A high genetic similarity was also detected between 'Nemared' and 'Nemaguard' with a similarity value of 0.71. This was expected, as 'Nemaguard' is one of the parents of 'Nemared' (Ramming and Tanner, 1983) . A close relationship was also mentioned by Lu et al. (1996) and Casas et al. (1999) between these two cultivars. 'Nemaguard' originated from a commercial seedlot labelled P. davidiana, but Okie (1998) refers that probably is a pure peach. However, it has a close relationship with 'Barrier' and 'Cadaman', other rootstocks reported as having P. davidiana in their genetic background. In future works, the search of any specific alleles shared by this group of rootstocks and not present in pure peaches and almonds, could help to elucidate the genetic identity of these groups of rootstocks. In summary, the analysis of genetic diversity among groups of Prunus rootstocks using peach-derived SSR markers, allowed us to cluster successfully the clones according to their morphological characteristics, and their botanical classification.
Molecular characterization of Prunus rootstocks is of great interest for breeding propagation process, avoiding environmental factors that may limit or influence phenotypic characterization. Also, once grafted, any phenotipic traits of the rootstock will not be visible. Therefore, DNA fingerprinting could provide evidence to demonstrate the genetic identity of the rootstocks. This approach is very useful to choose parental genotypes for crosses, and to optimize germplasm conservation and management of diversity. In the present study, polymorphism observed among the rootstocks is large, since we have been able to distinguish the 44 clones analyzed unambiguously using only a set of three SSR markers (BPPCT001, CPPCT022 and UDP98-407). The analysis of the genetic diversity within groups allows us to define another set of three markers to differentiate between all Myrobalan-Marianna plums clones (CPPCT005, CPPCT006 and CPPCT028), three SSR markers (BPPCT007, BPPCT017 and UDP98-025) can be proposed to distinguish between the clones included in the Peach-based rootstocks group and only a single marker BPPCT001 was needed to distinguish the clones from the Slow growing plums group. The combination of few selected markers can distinguish each of the 44 rootstocks analyzed indicating the robustness of SSR markers to be used in the rootstocks characterization.
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